The developmental patterns of subcortical brain volumes in males and females observed in previous studies have been inconsistent. To help resolve these discrepancies, we examined developmental trajectories in three independent longitudinal samples of participants with the age-span of 8-22 years (total 216 participants and 467 scans). These datasets, including Pittsburgh (PIT; University of Pittsburgh, USA), NeuroCognitive Development (NCD; University of Oslo, Norway), and Orygen Adolescent Development Study (OADS; The University of Melbourne, Australia), span three countries and were analyzed in parallel using mixed-effects modeling with both generalized additive models and general linear models. The results showed that absolute volume estimates largely overlapped across samples for the thalamus, caudate, putamen, hippocampus, and amygdala in each sex, whereas volumes were less consistent across samples for the pallidum and nucleus accumbens. In males, the thalamus showed increasing volume until mid-adolescence, whereas females showed no change in two samples and an inverse-U trajectory in NCD. For the caudate and putamen, decreases were seen for both sexes and all samples, except for males in PIT. The trajectories for the pallidum varied by sample, with males and females in OADS having smaller volumes in childhood, but catching up with the other samples by adulthood. Although absolute volumes were different for the nucleus accumbens across samples, sex differences in volume changes were similar with linear decreases observed for females and stability in males. Slightly curvilinear patterns of hippocampal growth were seen in all samples. For the amygdala, females showed early increases followed by little change, whereas males displayed steady increases in volume. Our results help to clarify sex specific patterns in subcortical brain changes across adolescence, and highlight region-specific variations in congruency of developmental trajectories.
Introduction
Developmental patterns of brain morphology, and sex differences in this structural variation, exist due to both global and local maturational changes (Erus et al., 2015; Giedd et al., 2015; Narvacan et al., 2017; Sowell et al., 2004; Tamnes et al., 2013) . Determining when and how sex differences emerge in the developing brain is essential to understanding differential risk for disease, especially psychopathology (Kessler et al., 2005; Kessler et al., 1993) , as well as life-long sex differences in various cognitive and behavioral traits (Choudhury et al., 2006; Gur and Gur, 2016; Roalf et al., 2014; Rose and Rudolph, 2006) . A number of sex differences have been reported in structural MRI growth trajectories of subcortical structures.
However, to date, developmental patterns observed in these structures have been inconsistent across studies, and there has yet to be a consensus as to how these patterns differ between sexes (Dennison et al., 2013; Lenroot et al., 2007; Narvacan et al., 2017; Ostby et al., 2009; Sowell et al., 2002; Wierenga et al., 2014) .
To date, different studies have reported discrepant findings including growth versus reduction of the thalamus and basal ganglia beginning in late childhood, as well as stability versus continuing growth of the amygdala and hippocampus across adolescence (Giedd et al., 1996; Koolschijn and Crone, 2013; Ostby et al., 2009; Wierenga et al., 2014) . Moreover, while some studies have found larger absolute volumes of subcortical regions in males and/or similar trajectories of development between the sexes (Narvacan et al., 2017; Wierenga et al., 2014) , other studies suggest that the thalamus may be larger in females as compared to males (Ruigrok et al., 2014) and that sex differences may exist in volumetric change over time in regions including the striatum, thalamus, amygdala, hippocampus, and pallidum (Dennison et al., 2013; Goddings et al., 2014; Koolschijn and Crone, 2013; Lenroot et al., 2007; Raznahan et al., 2014; Sowell et al., 2002) . These discrepant observations in studies of patterns of subcortical volume development between sexes may be due to a number of factors, including cohort effects inherent to the sample, variation in study design, image preprocessing, and/or statistical modeling approaches. From a study design perspective, cross-sectional findings that focus on mean group differences may differ from longitudinal study designs that are able to account for individual differences over time (Crone and Elzinga, 2015) . In terms of image processing, dissimilarities have also been reported in the absolute volume estimates as well as in the reliability of subcortical brain structures across different freely available automated segmentation software (Morey et al., 2010) . Beyond software, differences in quality control procedures utilized across studies may also impact the results (Ducharme et al., 2016) .
Moreover, analytic techniques can vary widely by study (Vijayakumar et al., Accepted) .
Age-related changes in subcortical volumes have largely been examined using general linear regression for cross-sectional studies. Longitudinal studies have reported difference scores, or more recently, used multi-level modeling to describe age-related changes, but the model terms are diverse. For example, studies have differed in their modeling approach, including use of polynomial terms (e.g. quadratic or cubic), model selection strategy (e.g. top-down or likelihood indices), testing males and females separately and/or including sex as an interaction term, as well as regarding the inclusion of other confounding factors (Ruigrok et al., 2014) .
When examining subcortical volumes, one common covariate is a 'global' metric, to account for between subject differences in body size or weight (Sanfilipo et al., 2004) . That is, because males have been repeatedly found to have larger volumes for total cranial, total gray, total white, and a number of subcortical regions of interest (Ruigrok et al., 2014) , a normalization method (proportional or residual) has often been implemented when exploring sex difference across development. However, this reasoning perpetuates a common misunderstanding of the use of covariates when attempting to study preexisting groups (i.e. sexes) that systematically differ on more than one covariate (Miller and Chapman, 2001) . That is, the covariate in this case will leave those systematic differences in place (e.g. create a specification bias) and potentially obfuscating an accurate description of sex differences in developmental trajectory. Further, as knowledge about developmental changes in global brain volumes has increased, a number of additional reasons to oppose normalization in longitudinal studies have emerged. Sex differences have been reported in the variability of anatomical volumes, with males showing larger variance expressed at both upper and lower extremities of the distributions (Wierenga et al., 2017) ; suggesting that normalization distributions cannot be assumed to be equal between the sexes. Moreover, global metrics (e.g. intracranial or whole brain volume) follow non-linear and different developmental patterns from childhood to adulthood . Thus, applying a normalization correction to longitudinal data, when aiming to determine if and how regional volumes change over time, generates a fundamentally distinct question of how regional volume changes are coordinated with another volume change within subjects.
For these reasons, previous cross-sectional and longitudinal sex difference studies are also complicated by inconsistent descriptions of either 'raw' or 'corrected' volume estimates, which are often interpreted as being equivalent, but require substantially different interpretations. Because of discrepancies between previous studies in either analysis or interpretation, there remains an important gap in our knowledge regarding the description of raw subcortical neurodevelopmental trajectories in males and females.
The goal of the current study was to utilize identical image processing and analysis methods in three independent longitudinal neuroimaging samples to describe the development of raw subcortical volumes for males and females from late childhood into young adulthood. The study is part of an international collaboration project intended to improve the reliability and efficiency of neurodevelopmental research by simultaneously analyzing multiple existing neuroimaging datasets Tamnes et al., 2017) . By controlling for software, quality control procedures, and statistical methods across samples, we could assess and interpret the potential impact of sample and acquisition differences on brain development. Thus, in the current study, each independent dataset was analyzed separately to examine the consistency and reproducibility of neurodevelopmental change for subcortical gray matter regions, including the thalamus, caudate, putamen, pallidum, hippocampus, amygdala, and nucleus accumbens in males and females.
Materials and Methods

1 Participants
This study analyzed data from typically developing youth from three separate cohorts collected utilizing cohort-sequential longitudinal designs at three separate sites in independent research projects: Pittsburgh (PIT; University of Pittsburgh, USA), NeuroCognitive Development (NCD;
University of Oslo, Norway), and Orygen Adolescent Development Study (OADS; The University of Melbourne, Australia). Each project was approved by their respective local review board and informed consent/assent was obtained from parents and children prior to data collection. In order to best account for within-subject variance, only participants with ≥ 2 scans from each cohort were included in analyses. For the PIT dataset, 126 participants were recruited and scanned at baseline, with 20 not completing their follow-up visit, and 33 excluded due to poor image quality of the MRI (see description of quality checking (QC) procedures in section 2.2).
For NCD, 111 participants were recruited and scanned at baseline; 26 were unable to complete their follow-up visit, and 9 were excluded due to poor image quality. For OADS, 177 participants completed baseline and follow-up scans, of which 23 did not complete any additional follow-up visits, 76 were excluded due to psychiatric history and medical illness and 11 were excluded due to poor image quality. The final samples thus included 73 participants from PIT, 76 from NCD, and 67 from OADS. In total, the present study included 216 participants (110 females) and 467 scans covering the age range of 8 to 22 years (see Table 1 ). Details regarding participant recruitment in each project have been previously described (Herting et al., 2014; Tamnes et al., 2013; Yap et al., 2011) . Participants with 3 Scans (N)
Was 2.2 (.4) 2.2 (.4) 2.1 (.4) 2.6 (.2) 2.7 (.2) 2.6 (.2) 3.09 (.9) 3.09 (.9) 3.19 (.8) * Age difference between sexes by design (see Supplementary Material for details).
Image Acquisition and Analysis
T1-weighted anatomical scans were obtained at the three sites using different MRI scanners and sequences (see Supplementary Material). At each site, a radiologist reviewed all scans for incidental findings of gross abnormalities. Image processing, including whole brain segmentation with automated labeling of different neuroanatomical structures, was performed using the longitudinal pipeline of FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu; (Fischl et al., 2002; Reuter et al., 2012) . The longitudinal pipeline includes creating an unbiased withinsubject template space and image using inverse consistent registration. Skull stripping,
Talariach transform and atlas registration, and parcellations are initialized in the common withinsubject template, which increases reliability and statistical power. Similar standard quality control (QC) procedures were carried out between sites. QC details are as follows: 1) all raw images were visually inspected for motion prior to processing, 2) post-processed images were visually inspected by trained operators for accuracy of subcortical segmentation by the longitudinal pipeline for each scan per participant, 3) images with inaccurate segmentation were excluded (number of participants excluded during QC is outlined above in section 2.1). No manual intervention (i.e. subcortical editing) was performed. Regions of interest for the present study included the thalamus, caudate, putamen, pallidum, amygdala, hippocampus, and nucleus accumbens for each hemisphere.
Statistical Analyses
Given previous findings highlighting hemispheric differences (Dennison et al., 2013; Herting et al., 2014) , we first examined if patterns of change differed by hemisphere by plotting loess curves to each dataset. Overall, trajectories were similar between hemispheres (see Supplementary Material SFigures 1-7), and therefore left and right hemisphere volume estimates were averaged for all subsequent analyses. Given that one of the primary aims of the study was to examine the distinct developmental trajectories in males and females, and preliminary exploratory loess plots confirmed the shape of developmental trajectories varied between males and females (see Supplementary Material SFigures 1-7), analyses were conducted for females and males separately. nested random effects in the regression model. This is done to account for individual subject effects and correlation of the data inherent to longitudinal analysis. LME can be represented by the following formula for linear changes with age both between and within participants:
where Volume ij represents the volume in an ROI at the j th timepoint for the i th participant, the intercept 0i represents the grand mean at the centered age (age 15), α 1i is the grand mean slope of age (linear); and ε is the residual error and reflects within-person variance. All models also included a random intercept for each participant. The linear model was then built upon to also include quadratic and cubic fixed terms to assess linear versus more complex patterns of change. The linear, quadratic, and cubic models were as follows:
1.
, and γ represent the effects of each fixed term. Likelihood ratio tests and Akaike Information Criterion (AIC) were used to compare the models and to determine which had the best fit. All models were tested against a null model that included only the intercept term, but not the fixed effect of age. The model with the lowest AIC that was also significantly different from the less complex model as determined by the likelihood ratio test was chosen as the best fit model (e.g. linear had to have a lower AIC and be significantly different from null; quadratic had to have a lower AIC and be significantly different from both the null and linear model).
Results
Description of developmental trajectories using GAMM
Developmental trajectories for volume of regions of interest were visualized with spaghetti plots fitted with GAMM (Figure 1 and 2) for females and males for each of the three independent samples. Overall, despite different shapes of the trajectories, volume estimates in each sex largely overlapped for all three cohorts across age for all regions, except the pallidum and 
Thalamus
In the NCD sample, females showed a curvilinear trajectory between ages 8 and 22 years, with a slight increase in volumes until mid-adolescence, followed by a decrease into young adulthood. In contrast, no changes were seen in thalamus volumes for females in the OADS and PIT samples across adolescence and into young adulthood. In males, the developmental trajectories in all three samples were similar, showing increases in thalamus volumes until midadolescence, followed by deceleration in young adulthood.
Caudate
In females, a relatively steady decrease was seen in caudate volume in all samples, with a slightly steeper slope in the OADS sample. In males, a decrease in caudate volumes was also seen for the OADS and NCD, whereas little change was found with age in the PIT sample.
Putamen
In females, the putamen volume decreased across the whole age range in all three samples, with slight acceleration in decline during the adolescent period as compared to late childhood or young adulthood. In males, a decrease in volume was also seen in the NCD and OADS with age, while males in the PIT samples showed no changes in volumes with age. Overall, the reduction in putamen volumes also appeared greater in females as compared to males across the ages of 8 to 22 years.
Pallidum
In both males and females, increases in pallidum volumes were seen in early childhood through mid-adolescence, followed by little change or slight decreases in volumes in young adulthood.
Trajectories, however, varied drastically by samples, with both females and males from the OADS showing the largest change over time, with volumes catching up to PIT and NCD estimates by later adolescence and young adulthood.
Hippocampus
All three samples showed relatively small developmental changes in hippocampal volumes.
Females showed curvilinear patterns of hippocampal growth, with an increase until midadolescence, followed by a decrease into young adulthood. Males showed early volume increases, which decelerated in adolescence.
Amygdala
Largely parallel trajectories for amygdala volumes were found between the three cohorts, with apparent sex differences in the pattern of change. Females showed an increase in amygdala volume during childhood and early adolescence, followed by little changed in late adolescence and young adulthood. In contrast, males showed relatively steady increases in amygdala volume across the included age ranges in all three samples.
Nucleus Accumbens
Similar results were found across samples within each sex for the nucleus accumbens. No changes were seen for males in any of the samples across the age range. Conversely, linear decreases were seen for females, with the OADS sample showing a steeper decrease across adolescence as compared to the PIT and NCD samples.
Testing of developmental models using LME
Linear, quadratic, and cubic LME were used to formally determine best fit models for females and males of each sample. The highest-order polynomial model for each brain region is summarized in Table 2 (for AIC comparisons, see Supplementary Tables 1-7) . Overall, LME best fit models per sample were in agreement with the GAMM trajectories. The only exception to this was for the hippocampus in NCD males (quadratic: p=.09), where the best fit trajectory that was similar to GAMM estimates did not reach statistical significance. However, best fits were different between samples in both sexes for most ROIs, except for the caudate and nucleus accumbens. For the caudate, both males and females in each sample showed similar trajectories with age (PIT: linear, NCD: quadratic, and OADS: linear). For the nucleus accumbens, no significant change was found in all samples, except for OADS females, which showed a linear decrease with age. 
Discussion:
This is the first within-study replication of subcortical neurodevelopmental trajectories in males and females using a multisample approach with longitudinal datasets spanning late childhood and adolescence. By implementing mixed-effects modeling with both GAMM and LME in three independent samples, our findings refine and extend knowledge of developmental trajectories of subcortical volumes in males and females. The GAMM models reframe and bring additional clarity in the pattern of development for the thalamus, caudate, putamen, hippocampus, amygdala, and nucleus accumbens, highlighting both similarities and differences in the trajectories in males versus females. Our GAMM results also show that deciphering an accurate pattern of pallidum development may be more challenging. While GAMM predictions and LME best fits were in agreement for males and females per cohort, the best fit model was strikingly different between cohorts within a given sex for most ROIs. As such, the similarities in subcortical trajectories between three independent cohorts using GAMM, but rather striking differences in best-model fits using LME, provides additional 'meta-science' insight on how practices in neurodevelopmental imaging can influence interpretations and conclusions. LME is one of the most commonly used statistical approaches to determining both between and within-person changes in longitudinal neuroimaging studies (Vijayakumar et al., Accepted) . At the outset of the study, it was assumed that using LME might therefore allow for a more direct comparison of our results between the three independent cohorts as well as results from previous studies. However, despite similarities in GAMM trajectories between cohorts in males and females for each subcortical region (except the pallidum), LME results were more variable. This highlights that age-range and statistical power may greatly influence best fits, illustrating a potential limitation of this common approach. Because studies often differ in their age-ranges, scan intervals, and sample size, the conclusion that a particular region shows a linear, quadratic, or even cubic developmental pattern will not necessarily generalize to another study. For example, although all 3 samples of both sexes showed similar patterns using GAMM, the current LME results show both linear and quadratic best fits for caudate volumes in males and females, and in contrast the putamen showed linear and cubic fits in females, but linear and quadratic for males. Similarly, previous single-sample longitudinal studies have also reported linear decreases in caudate and putamen volumes in both sexes (7-24 years; n=223 scans from 147 individuals; (Wierenga et al., 2014) ; but also no change for caudate and quadratic for putamen volumes from 5 to 27 years (n=175 scans from 84 individuals; (Narvacan et al., 2017) or quadratic for females and cubic for males from 3 to 26 years (n=829 scans from 387
individuals (Lenroot et al., 2007) . This poses a challenge for the field, especially given that we are rarely interested in exact ages, but rather periods of development across the life span. Thus, replication efforts such as the current study and the use of GAMM are not only important, but also provide greater precision in the description of volumetric change by maximizing our ability to reliably detect developmental changes across study populations.
By examining each sex separately, differences in patterns of subcortical maturation were revealed for the amygdala and nucleus accumbens. Subcortical longitudinal studies usually include sex in the LME age model, either as a covariate or as both a main effect and interaction term. However, in the case where the shape of the trajectory may differ between groups, putting both males and females in the same model may incorrectly assume similar shapes in growth in both sexes. For example, the amygdala and nucleus accumbens in the current study showed striking differences in trajectories between males and females. Despite both trajectories being curvilinear, amygdala growth in females decreased during mid-adolescence and into young adulthood, while males continued to show steeper rates of growth across this period. In addition, females displayed decreases in nucleus accumbens volumes whereas males showed no change with age from 8 to 22 years. Previous studies suggest that within-subject changes in puberty (both physical and hormonal) are important factors for amygdala growth in male and female adolescents (Goddings et al., 2014; Herting et al., 2014) ; with very similar curvilinear amygdala growth patterns seen as reported here when raw volumes were estimated based on Tanner stage in males and females separately (Goddings et al., 2014) . Puberty has also been found to relate to nucleus accumbens volumes (Goddings et al., 2014) , although the trajectories do not mirror the patterns of volumetric change identified in the current study. Unfortunately, pubertal metrics were not consistent across the three cohorts; making it impossible for us to investigate how puberty may contribute to differences in amygdala and nucleus accumbens trajectories in males and females in the current study. Thus, future research is warranted to examine the contributions of hormones to sex differences in the neurodevelopmental trajectories of the amygdala and nucleus accumbens.
Of the regions examined, rather discordant trajectories were found for the pallidum in both males and females between the three cohorts, with the OADS showing a unique profile of growth as compared to PIT and NCD. While it is unclear as to the reason behind this discrepancy, reliability estimates for each of the subcortical volumes have been previously examined in the OADS sample and pallidum showed relatively low reliability in this sample (Dennison et al., 2013) . Others have also reported the pallidum to be the least reliable out of subcortical volume measurements using FreeSurfer, with volume estimates for this region found to be impacted by MP-RAGE acquisition parameters, such as isotropic versus anisotropic voxel size (Wonderlick et al., 2009) . Low reliability of pallidum volumes using automated segmentation software have been attributed to the T1-weighted contrast profile of the pallidum which is less distinct from its surrounding white matter as compared to other subcortical regions such as the thalamus or caudate (Fischl et al., 2002; Wonderlick et al., 2009) . Not surprisingly, our findings suggest that region-specific variations exist in the synchronization of developmental trajectories when studying multiple cohorts, with greatest congruency in trajectories of growth seen for the more reliable FreeSurfer subcortical structures.
Overall, our findings indicate a strong consensus across three independent samples when using GAMM, providing much needed clarification of subcortical neurodevelopment during childhood and adolescence. Our findings provide a within-study approach of replication that are in agreement with previous research that sensory, motor, and cognitive related subcortical regions, such as the dorsal striatum (caudate and putamen) and the thalamus, undergo reduction into young adulthood in both males and females. We also show within-study replication that the hippocampus tends to follow a shallow inverted-U shape growth in both sexes, whereas the amygdala and nucleus accumbens show deviating trajectories between males and females. By replicating these trajectories in typical development, we now have the ability to further focus our inquiry on the factors influencing sex differences and individual differences in subcortical growth; including genetic, and/or environmental effects that may contribute to the observed differences at the group and individual-level. Given the inherent differences in study design and data obtained from the three independent samples, the current study was limited in its ability to explore these potential factors. However, because a number of subcortical abnormalities are implicated in disorders typically associated with child and adolescent onset, such as ADHD (Greven et al., 2015) , schizophrenia , and mood disorders (Schmaal et al., 2016) , expanding on the 'age residual' of within-subject changes in deep gray matter structures will help us further understand risk and resilience for psychopathology during development.
Conclusions:
Using three independent samples, mixed-effects modeling with GAMM revealed consistent patterns of volumetric development across adolescence for the thalamus, caudate, putamen, hippocampus, amygdala, and nucleus accumbens, whereas the trajectory for pallidum volume was not reproducible across the samples. The more common linear mixed-effects modeling approach led to conspicuous differences in best fit models between samples for any given region; a cautionary limitation of this method when comparing samples with different age ranges. Using a multisite approach with consistent preprocessing (software and quality checking) and statistical analyses, reproducible patterns in subcortical brain changes can be found across adolescence, with region-specific variations in both sex differences (amygdala and nucleus accumbens) and congruency (pallidum).
